Rationale Attempts to simultaneously control food intake and smoking may lead to smoking cessation failure. We sought to model this relationship using a human laboratory paradigm of smoking lapse behavior. Objectives We examined the combined effect of food and nicotine deprivation, compared to nicotine deprivation alone, on the ability to resist smoking and on subsequent ad libitum smoking. Methods In a between-subjects design, daily smokers (N=30) were all deprived of nicotine for 18 h and were either fooddeprived (12 h) or not during a laboratory session. Following exposure to individualized food cues, participants had the option of initiating tobacco self-administration or delaying up to 50 min in exchange for monetary reinforcement. Subsequently, the tobacco self-administration period consisted of 1 h in which participants could choose to smoke or receive monetary reinforcement for cigarettes not smoked. Results Smokers who had been deprived of food and nicotine smoked their first cigarette sooner and were more likely to smoke at some point during the laboratory session, compared to those who were only nicotine-deprived. Those who were food-and nicotine-deprived smoked slightly more cigarettes than those who were nicotine-deprived only, although this difference was not statistically significant. There were no sex differences in outcomes. Hunger and food craving ratings while trying to resist smoking were greater in the food + nicotine-deprived group. Tobacco craving was predictive of outcome in both conditions. Conclusions These findings support the hypothesis that food deprivation can undermine a smoker's ability to resist smoking.
Introduction
Although the benefits of smoking cessation are well documented, many smokers are discouraged from quitting by the prospect of gaining weight. Concerns about weight gain are related to a lower likelihood of making a quit attempt (Klesges et al. 1988b; Pomerleau et al 2001; Weekley et al. 1992) , attrition in cessation studies (Leeman et al. 2006) , and relapse in some (Jeffery et al. 2000 [only in bivariate analyses in females]; Klesges et al. 1988a; Meyers et al. 1997) , but not all studies (Borrelli and Mermelstein 1998; French et al. 1992; Glasgow et al. 1999; Jeffery et al. 1997) .
There is evidence that simultaneous food and smoking restriction is detrimental to smoking cessation. Perkins et al. (2001) randomized female, weight-concerned smokers to standard care, cognitive behavioral therapy (CBT) to reduce weight concerns, or behavioral treatment to prevent weight gain (i.e., weight control). Compared to standard care, the CBT condition had higher rates of smoking cessation, whereas the weight control condition did not. These findings suggest that weight control did not benefit smoking cessation in this study.
Several hypotheses have been proposed to explain why weight-concerned individuals are at risk of relapse and why interventions that propose dietary restraint may be counterproductive. One hypothesis is that "the combined psychological cost of weight control and smoking abstinence efforts outweighs the benefits of abstinence" (Hall et al. 1986, p. 346) . There is a growing literature suggesting that self-control is a limited resource; thus, efforts to control one behavior reduce the ability to inhibit a second behavior (Muraven and Baumeister 2000) .
There has been a great deal of research concerning the mechanisms underlying post-cessation weight gain (Grunberg et al. 1992; Hall et al. 1986; Perkins et al. 1990 Perkins et al. , 1995 , but relatively little laboratory research on the converse question of how food restriction affects smoking. Two laboratory studies with small sample sizes failed to find an effect of 3 days of restricted feeding on ad libitum smoking behavior (Lawson et al. 1997; Zacny and de Wit 1992) . A larger study testing four types of 6-day diets found-compared with a normal diet-slightly higher ad libitum smoking and expired breath carbon monoxide levels (CO) with a low-calorie/ balanced diet and slightly higher CO with a low carbohydrate, low-calorie diet (Cheskin et al. 2005) . Another small study (Zacny and de Wit 1990 ) and a larger study of females (Kendzor et al. 2008) found that CO levels, but not ad libitum smoking, were higher in a 24-h food-deprived condition, compared to normal food intake.
By manipulating food and nicotine deprivation in the same experiment, researchers can model cessation attempts when smokers simultaneously restrict their eating. Only two such studies were found (Alsene et al. 2003; Epstein et al. 1991) . In Epstein et al., eight female smokers were evaluated over four separate days in which they were either nicotine-deprived (16 h), food-deprived (7 h), both foodand nicotine-deprived, or not deprived. During sessions, smokers could work for either food or puffs of cigarettes on a progressive ratio schedule. Participants were more likely to work for food when food-deprived and for cigarettes when smoking-deprived. In the joint deprivation condition, participants initially worked for food, then shifted to smoking. These findings suggest that the reinforcing value of both food and cigarettes to smokers increases under deprivation. Alsene et al. (2003) tested the hypothesis that combined food and nicotine deprivation would increase smoking urges in 15 smokers (nine males) who participated in four laboratory sessions in which they were either fooddeprived, nicotine-deprived, food-and nicotine-deprived, or non-deprived for 18 h prior to the session. During the sessions, participants viewed slides of food cues, smoking cues, or neutral cues and rated their food and smoking urges. Food deprivation increased food craving in response to food cues, and nicotine deprivation increased smoking craving in response to smoking cues. The highest smoking craving levels were in the combined food-and nicotinedeprived group. These data support the notion that restraining eating while abstaining from nicotine may increase relapse risk.
None of these studies, however, directly examined the influence of food deprivation on the ability to resist smoking, or early lapse behavior. The first "lapse" or "slip" is one of the best predictors of relapse (Brandon et al. 1990; Garvey et al. 1992; Kenford et al. 1994) . Given the importance of early smoking lapse, our group developed a human laboratory model of smoking lapse behavior (McKee 2009; McKee et al. 2006 ). In this model, participants have the option of initiating a tobacco selfadministration session or delaying initiation for up to 50 min in exchange for monetary reinforcement. The subsequent tobacco self-administration session is a 1-h period in which subjects could choose to smoke their preferred brand of cigarettes ad libitum or receive monetary reinforcement for cigarettes not smoked. This paradigm has been used to demonstrate that alcohol consumption, stress, and nicotine deprivation decrease ability to resist the first cigarette and increase the number of cigarettes smoked, thus modeling in the laboratory what has been demonstrated clinically (McKee 2009; McKee et al. 2006) .
The goal of the present study was to test the effect of a 12-h period of food deprivation, in combination with 18 h of nicotine deprivation, on ability to resist smoking and on number of cigarettes smoked in the laboratory. The opportunity to smoke came after a task designed to elicit food craving. The inclusion of this task ensured that all participants thought about food consumption for an extended period of time at least once during the session. In addition to testing the effect of food deprivation on smoking behavior, we examined the following potential mechanisms underlying a link between food and nicotine deprivation and smoking: tobacco and food craving, nicotine withdrawal, and hunger. Our hypotheses were that food-and nicotine-deprived participants would smoke their first cigarette sooner and smoke more cigarettes in the laboratory than participants deprived of only nicotine.
Methods

Participants
Participants were recruited through advertisements in local newspapers, postings on websites (e.g., Craigslist), flyers, and word of mouth. Smokers were eligible to enroll if they were 18 to 55 years old, not seeking smoking cessation treatment, smoked ten to 30 cigarettes per day, and presented with a CO reading ≥10 ppm. Individuals were excluded if they reported a current medical condition that would contraindicate smoking or food deprivation (e.g., cardiac abnormalities or diabetes), presented with a body mass index <18.5 or >35, currently met criteria for substance abuse or dependence except for nicotine dependence and alcohol abuse, met lifetime criteria for an eating disorder, presented as suicidal, homicidal, or with current severe mental illness, provided a urine test result indicative of illegal drug use, reported regular use of psychoactive drugs including anxiolytics and antidepressants or receipt of a prescription for any psychotropic drug in the prior 30 days, were pregnant or nursing, recently donated blood or participated in a study with additive blood sampling.
Thirty participants (16 male) completed the laboratory session that is the subject of the present report, as well as a subsequent smoking laboratory session involving nicotine deprivation and food deprivation/non-deprivation, the results of which are not presented here. Participants had an average age of 32.07 (SD=11.33) and were mostly Caucasian (66.7%, 26.6% African-American, 6.7% "other"), with at least some college (58.6%, 41.4% high school or GED) and currently unmarried (86.7%). Mean household income was 4.93 (SD=2.45) on a nine-point scale. A response of "5" equated to a range of $20,000-$39,000 per year. At initial screening, on average, they reported 17.55 cigarettes per day (SD =4.26) and gave expired CO readings of 27.14 ppm (SD=15.36) and Fagerstrom Test of Nicotine Dependence (FTND; Heatherton et al. 1991 ) scores of 4.87 (SD=2.05).
Procedures
This study was approved by the Human Investigation Committee of the Yale University School of Medicine.
Screening session Written informed consent was obtained from all participants. The Structured Clinical Interview for DSM-IV (First et al. 1995 ) was used to exclude individuals who met diagnostic criteria for alcohol dependence or other axis I disorders. The FTND was included in a self-report battery. The timeline follow-back interview (Sobell and Sobell 2003 ) was used to assess past 30-day smoking. CO readings (Micro CO Meter, MicroDirect, Lewiston, ME, USA), breath alcohol (Alco-Sensor III, Intoximeter, St. Louis, MI, USA), urine toxicology, and urine pregnancy tests for women were conducted. Participants were paid $20 for attendance if breath alcohol was 0.00% and urine toxicology was negative.
Laboratory session Each participant completed a 12-h, 45-min laboratory session (i.e., food and nicotine deprivation or nicotine deprivation only), which took place in a patient room at the Hospital Research Unit of Yale-New Haven Hospital. Prior to the session, participants were asked to abstain from food and cigarettes beginning at bedtime the night before, but no later than 1:00 am. Participants were paid $10 for on-time arrival to the research unit and $125 for completion of the laboratory session. Table 1 shows key laboratory procedures and time points when self-reports were administered. Overnight abstinence from cigarettes was confirmed biochemically with CO readings (i.e., no more than 50% of initial screening level) at the outset of the laboratory session and by serum nicotine at 6:30 pm (Table 1) . Serum nicotine was measured by reversedphase HPLC with UV detection, modified from the literature (Hariharan et al. 1988 ) to include a micro-acid back extraction cleanup step which allows for cleaner chromatograms. The lower limit of quantitation for nicotine was set to 4 ng/ml. Serum nicotine levels for all participants were below this level. Two participants reported overnight abstinence that could not be confirmed via CO readings; however, they were retained in the study because their serum nicotine levels were less than 4 ng/ml prior to initiation of the smoking period, consistent with extended abstinence. Participants were paid $20 for biochemically verified overnight abstinence in the earlier portion of the study (n=16), which was increased to $50 in the latter portion (n=14) to provide additional incentive for overnight abstinence. There were no differences in any of the main outcome analyses based on participation before or after the compensation change.
Baseline assessment period Baseline breath alcohol, pregnancy, and toxicology taken at the outset were all required to be negative. A small breakfast including one cup of caffeinated coffee was provided to participants at 9:00 am regardless of study condition to standardize time and amount of last food consumption. From 12:30 pm-6:45 pm, vital signs were collected and self-reports were administered at regular intervals (every 1 to 2 h). During the 10-h period from 8:30 am-6:30 pm, participants were not able to smoke but were able to watch TV, listen to the radio, read, and do puzzles or written work.
Study conditions Participants randomized to nicotine deprivation only could choose from the same meal menu as patients at the hospital and could select any food other than caffeinated beverages. They also had open access to snacks (e.g., yogurt, graham crackers) and drinks (e.g., milk, juice, decaffeinated coffee, and caffeine-free soda) provided by the hospital. No outside food or drink was allowed during the laboratory session, regardless of condition. For participants randomized to the food deprivation condition, no food of any kind was provided after breakfast. Participants had open access only to water and black-decaffeinated coffee.
Food craving priming task At the initial screening, participants rated their liking for 18 snacks (e.g., pretzels, brownies) on a five-point scale from "not at all" to "extremely". Five highly rated snacks were used as food cues in a craving priming task conducted shortly before participants had the opportunity to smoke. The snacks were placed in a basket in front of the participant. Participants held each snack one at a time for 30 s and were instructed to think about what it would be like to eat the snack, how it would taste, and how much they would enjoy eating it. Similar instructions were used by Sobik et al. (2005) . After 30 s, participants rated their craving for each snack on a 0-100 visual analog scale (VAS). This process continued with all five snacks. The snack basket remained in the room with the participant for the rest of the session. Regardless of condition, participants were not allowed to eat the snacks, although they were allowed to take them at the end of the session.
Delay period At 7:05 pm, participants were presented a tray containing eight cigarettes of their preferred brand and an ashtray. Participants were instructed that they could begin smoking at any point over the next 50 min. For each 5-min that they delayed or "resisted" smoking, they earned $1 for a maximum of $10 over the next 50 min. We recorded the time (in minutes) until participants announced to the experimenter that they wanted to smoke (range 0-50 min). For participants opting not to smoke for the entire delay period, the length of their delay was entered as 50 min. At the end of the delay period, participants completed a self-report packet, gave a breath CO reading, and then were handed a lighter by the experimenter.
Smoking self-administration period The smoking selfadministration period was 60 min in length and started once participants decided to end the delay period (or delayed for the full 50 min). Participants were instructed to "smoke as little or as much as you wish". All cigarettes were smoked using topography equipment. About halfway through data collection, we learned that the equipment could not be calibrated properly and would not yield valid readings; however, we continued to use the equipment so that the smoking experience would be consistent across all participants. They were further instructed that, for each cigarette they lit, it would cost them $1 of their $8 "smoking tab". Money earned for delaying smoking and any unused portion of the "smoking tab" was paid to the participants at the end of the laboratory session.
Measures administered during the laboratory session Tobacco craving was assessed with the Questionnaire of Smoking Urges-Brief (QSU-B; Cox et al. 2001) , made up of ten items to evaluate urges to smoke in response to positive (factor 1; α=0.92) or negative (factor 2; α=0.90) reinforcement, rated using a VAS with a 0-100 range. DSM-IV nicotine withdrawal symptoms were assessed with six items from the Minnesota Nicotine Withdrawal Scale (Hughes and Hatsukami 1986) . Participants rated items on a 0 (none) to 4 (severe) scale as to their degree of current withdrawal. The items "craving for cigarettes" and "increased appetite" were omitted to keep the withdrawal construct separate from the tobacco craving and hunger constructs (α=0.90). Withdrawal was not assessed at each time point (see Table 1 ). Hunger and food craving were assessed to provide manipulation checks for the food deprivation condition and for the food craving priming task. Hunger was rated using three items from the Wisconsin Smoking Withdrawal Scale (Welsch et al. 1999 ) rated on a 0-100 VAS anchored with "strongly Lunch given to participants in nicotine-deprived only condition 6:00 pm Dinner given to participants in nicotine-deprived only condition 6:30 pm Blood draw to assay serum nicotine 6:45 pm Pre-food craving priming task self-report packet, then food craving priming task (assessment of food craving during task) 6:55 pm Post-food craving priming task/pre-delay period self-report packet (withdrawal measure omitted) 7:05 pm Delay period begins, participants can smoke at any time they choose 7:55 pm/end of delay End of delay period/+0 self-report packet, then smoking self-administration period begins 30 min later +30 self-report packet (withdrawal measure omitted) 60 min later +60 self-report packet 9:15 pm Dismissal disagree" and "strongly agree" ("I want to nibble on snacks and sweets"; "I feel hungry"; "I have been thinking about food a lot"; α=0.95). Participants reported their current level of craving for five preferred snacks using a 0-100 VAS anchored with "not at all" and "extremely" (α=0.92). Scores for all measures were derived by taking a mean of the individual items, except for withdrawal, which was a sum score.
Analysis plan
Independent samples t tests were used to assess differences in the primary outcome variables-length of the delay to the first cigarette and number of cigarettes smoked ad libitum in the self-administration period-by study condition. No significant differences by study condition were found on self-report measures administered at initial screening; thus, none of these variables were held constant in any subsequent analyses. Mixed model ANOVAs were used to test for main effects of time and study condition and for time × condition interactions on self-report measures administered during the laboratory session (i.e., secondary outcomes). No significant effects of sex were detected for any of these analyses; thus, sex was omitted from the results reported below. Three separate sets of analyses were conducted to compare scores at the following time points: (1) pre-to post-food craving priming task (except for food craving, which was assessed during the task), (2) pre-to post-delay period (the post-food craving time point was used for the pre-delay time point), and (3) the smoking self-administration period (+0, +30, +60 min). The post-delay period time point was used as the +0 time point.
Exploratory analyses were also conducted. Within each condition, Pearson correlation coefficients were used to assess associations between the outcome variables (i.e., length of delay, amount smoked) and self-report variables assessed at initial screening and during the laboratory session. We omitted correlations with self-reports collected during the self-administration period to avoid results being confounded by varying levels of smoking across participants.
Results
Primary outcome analyses
Participants in the food + nicotine deprivation condition smoked their first cigarette sooner than participants in the nicotine deprivation only condition ( Fig. 1; t(19.15)=2 .56, p=0.019, d=0.93). The food + nicotine-deprived participants also smoked slightly, but not significantly, more than participants deprived of nicotine only (M=1.80, SE=0.24; M=1.13, SE=0.27, respectively; t(28)=1.82, p=0.079, d=0.67). In the food + nicotine deprivation condition, 14 out of 15 participants smoked at least one cigarette, compared to only nine out of 15 in the nicotine-deprived only condition (z=2.345, p<0.005, d=0.88).
Changes in craving, withdrawal, and hunger by condition across the laboratory session There were no significant differences between conditions for tobacco craving or withdrawal and no significant time × condition interactions for tobacco craving in the three sets of analyses conducted.
Changes with food craving priming task Hunger and food craving increased significantly with the food craving priming task and both were higher in the food + nicotinedeprived condition than in nicotine deprivation only condition. Figure 2 shows only changes in hunger ratings by condition; however, food craving ratings showed a similar pattern.
Changes from pre-to post-delay period Hunger and food craving remained significantly higher in the food + nicotine-deprived condition with mean levels similar to those observed with the food craving priming task. Figure 2 shows the change in hunger ratings by condition from preto post-delay period. Food craving ratings (not shown) displayed a similar pattern. There was a significant time × condition interaction for hunger, due to a decrease in ratings in the food + nicotine deprivation condition, but not in the nicotine deprivation only condition (Fig. 2) .
Changes across the self-administration period There was a significant time × condition interaction for withdrawal with only participants in the food + nicotine deprivation condition showing a decrease from the start to the end of the 60-min period. Hunger ratings continued to be significantly higher in the food + nicotine deprivation condition than in the nicotine deprivation only condition. As shown in Fig. 2 , from 0 to 30 min into the selfadministration period, there was a decline in hunger ratings in the food + nicotine deprivation condition, unlike in the nicotine deprivation only condition (i.e., a significant time × condition interaction).
Exploratory analyses
There was one significant correlation with initial screening assessments. FTND score was negatively correlated with length of delay to the first cigarette in the food + nicotine deprivation (r=−0.68, p=0.006) but not in the nicotine deprivation only condition (r=−0.37, p=0.169).
Regarding assessments collected during the laboratory session, in the nicotine-deprived only condition, QSU-B factor 1 scores had significant positive correlations with number of cigarettes smoked at all three time points considered (r's between 0.52 and 0.62, p's between 0.048 and 0.013). QSU-B factor 2 scores correlated significantly to near significantly with length of delay in both conditions (r values between −0.49 and −0.74, p values between 0.061 and 0.002). In the nicotine-deprived only condition, food craving ratings taken before the food craving priming task were significantly and positively correlated with length of delay (r=0.52, p=0.05).
Discussion
As hypothesized, food deprivation, combined with nicotine deprivation, made resisting smoking more difficult than nicotine deprivation alone. Given that the ability to resist smoking in this laboratory model can be considered an indicator of self-control (McKee 2009), this finding suggests that food deprivation, in addition to nicotine deprivation, made self-control more difficult for smokers in this study. Smokers randomized to food and nicotine deprivation in this study were more likely to smoke at least once during the self-administration period. This finding has clinical importance given results from clinical studies in which smoking a single cigarette typically leads to relapse among those attempting to quit (Brandon et al. 1990; Garvey et al. 1992; Kenford et al. 1994) . Those in the food + nicotine deprivation condition smoked slightly more cigarettes in the lab than those who were only nicotine-deprived; however, this difference was not significant. These results follow clinical findings suggesting that simultaneous restriction of food and cigarettes makes resisting cigarettes more difficult (Perkins et al. 2001 ).
There were minimal findings linking assessments obtained at initial screening with laboratory session outcomes. Nicotine dependence severity was inversely related to length of delay but only among those who were foodand nicotine-deprived. In a prior study using this model of smoking lapse behavior, nicotine dependence severity was related to decreased ability to resist smoking after alcohol, as compared to placebo consumption (McKee et al. 2006 ). This prior finding and the present finding suggest that dependence severity may work synergistically with other risk factors (e.g., alcohol use, food restriction) to make resisting cigarettes more difficult. Regarding assessments administered during the laboratory session, tobacco craving was predictive of outcome in both conditions. Craving in response to negative reinforcement was inversely related to length of delay in both conditions and craving in response to positive reinforcement was positively associated with number of cigarettes smoked in the nicotine deprivation alone condition. Unlike Alsene et al. (2003) , we did not find tobacco craving levels to be particularly strong with combined food and nicotine deprivation. The present results follow clinical findings linking craving with smoking and specifically, with smoking cessation relapse (Killen et al. 2006; Shiffman et al. 1997) .
The food craving priming task utilized in this study was a valid manipulation as self-reported craving for the snacks and hunger both increased with the task. As expected, food craving and hunger were higher in the food + nicotine deprivation condition. Pre-to post-delay period and across the self-administration period, hunger decreased to a greater extent in the food + nicotine deprivation condition than in the nicotine-deprived only condition.
This study had several limitations. While the study was powered to detect large differences between the two conditions on the primary outcome variables, it was not as well powered to detect changes in self-report measures during the laboratory session, nor was it well powered to find significant predictors of the primary outcomes by condition. While the results of this study suggest some mechanisms underlying difficulty to resist the first cigarette and heavier smoking, studies with larger sample sizes would likely reveal more about these mechanisms.
There are several future directions for this line of research. The present findings suggest that food deprivation impairs smokers' ability to resist the first cigarette and increases the likelihood that they will smoke. Behavioral and/or pharmacologic interventions could be tested for their efficacy in reducing these associations. As an initial study in a line of research, we believed that testing the effects of complete food deprivation would be the best way to begin, in order to demonstrate that food restriction could have an impact on smoking lapse behavior in the laboratory. A possibility for future research is to test restricted diets rather than outright food deprivation in combination with nicotine deprivation for their impact on smoking lapse behavior. While some smokers will likely fast for periods of time to prevent weight gain during smoking cessation, food restriction may be even more common; thus, the impact of food restriction on ability to resist the first cigarette has clinical implications. Given findings that concerns about weight gain may increase risk of smoking relapse (e.g., Meyers et al. 1997) , weight concerns could be examined in future research as potential predictors of smoking lapse behavior in the laboratory and/or as moderators of the relationship between food deprivation/restriction and smoking behavior.
